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Granular ﬂowWe propose a method using an original apparatus to amplify any segregation from a granular mixture. The
device is a superposition of four Hele Shaw cells for producing a cascade of granular ﬂows that enhances
the segregation process. After the ﬂow cascade, the concentration of each granular species is measured in
the different cells. From these concentrations, a parameter p that characterizes the ability of the mixture to
segregate is calculated. The physical model used to calculate this parameter p is presented. Finally, the method
is validated with a series of experiments performed with common granular materials. Relevant parameters be-
hind segregation are evidenced.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Granular segregation is a counterintuitive phenomenon where an
initially mixed state of dry particles separates into its components
under excitation [1–6]. Although the phenomenon is known from a
long time, its occurrence remains puzzling. Segregation is not only of
fundamental interest but is also of practical importance with applica-
tions in areas ranging from the pharmaceutical industry to chemistry.
The segregation process could be desirable in separation processes but
in many cases, the segregation degrades the quality of the ﬁnal product
or causes safety problems. In order to avoid granular segregation in
some industrial processes, two methods could be used. The ﬁrst one is
the optimization of the devices used to process the granular material
[7,8]. The second one is the modiﬁcation of the granular material itself.
However, to change the granular material properties, the existence of a
characterization method is the necessary condition. We address herein
the fundamental and practical problems of measuring segregation from
a granularmixture. For that purpose, we propose amethod for amplify-
ing the segregation phenomenon and we provide the deﬁnition of a
segregation index p, measuring the ability of a mixture to separate
into its components.
Granular segregation takes place when the grains have the possi-
bility to rearrange in the granular random assembly. Kinetic energy
is therefore needed and could be provided along different ways:
horizontal or vertical shaking [3,9], granular ﬂow [5,10–12], rotationcs, University of Liege, B-4000
).
rights reserved.[13–16], air ﬂow [17], … Among others, a spectacular experiment
has been proposed by Makse et al. [18,19]. In order to visualize the
mechanisms, a Hele Shaw cell, which is a quasi two dimensional cell
formed by two glass plates separated by a small gap, has been used.
When grains are poured in a vertical Hele Shaw cell, a triangular
heap builds up. This geometry has been extensively studied funda-
mentally [20–22]. Two segregation processes could be observed:
(i) the larger grains are not trapped during the ﬂow and reach the
base of the pile, and (ii) the larger grains are going up in the ﬂowing
phase. The ﬁrst process, called full segregation, leads to a clear sepa-
ration of the pile where the small grains are on the top of the pile
and the large grains are situated at the bottom. The second segrega-
tion process leads to a self-stratiﬁcation. A combination of both pat-
terns is observed in most cases. The conditions for the appearance
of such patterns are associated to different packing properties of the
granular species at rest and avalanching dynamics [23].
As quoted by Cizeau et al. [23], segregation taking place in a heap
ﬂow can be seen as originating from the different repose angles
exhibited by the granular species. Indeed, by considering that the re-
pose angle depends on the local composition of the surface, one de-
ﬁnes θαβ as the generalized repose angle of a rolling grain of type α
on a surface with local grains of type β. Different values of θαβ are
expected when granular species are characterized by different sizes
and shapes. Fig. 1 considers small spherical grains (type 1) and
large irregular grains (type 2). One understands that the repose
angle θ11 of the granular species 1 is small compared to the repose
angle θ22 of the second species. Moreover, a small and spherical
grain could be easily captured by a rough surface made of type 2
grains. The repose angle θ12 is therefore high. A large grain could
however destabilize a layer of small spherical grains providing a low
Fig. 1. A sketch of four dynamical angles of repose θαβ which depend on the composi-
tion of grains at the surface of the pile. Small spherical grains (1) and large irregular
grains (2) are illustrated. As discussed in the text, θ11bθ22, θ12>θ11, and θ21bθ22.
Fig. 2. Picture of a pile made of small (white) and big (black) grains in a Hele Shaw cell.
The location of the ﬁlling point is indicated. By opening the slit situated at the left bot-
tom corner of the cell, the top part of the pile could be extracted from the cell.
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speciﬁc granular species could be captured more frequently than the
second one which rolls down. The four possible interactions between
both species represent a key mechanism for segregation. An
algorithm of heap formation based on four angles of repose θαβ is
able to produce complex (and realistic) segregation patterns like self-
stratiﬁcation [23] or segregation “valleys” on irregular piles [24]. We
should note that while the angles θ11 and θ22 are easy to determine ex-
perimentally, the angles θ12 and θ21 are difﬁcult to estimate.
Many parameters are expected to inﬂuence the ability of a mix-
ture to segregate: the grain size difference, the difference of grain
density, the difference of grain shape and roughness, the cohesion
[25] etc. The generalized repose angle θαβ includes all these parame-
ters. The experimental device and the protocol presented hereafter
can be used to study rigorously the inﬂuence of all the parameters
separately. In this paper, we focus on the presentation of the device
and a model is proposed to interpret the results. Finally, the system
is validated with some typical studies. The effect of both repose an-
gles θ11 and θ22 on the segregation is analyzed.
2. Experiments
After the formation of a heap in Hele Shaw cell (see Fig. 2), it is
possible to collect the top part of the heap by opening an aperture
at the left bottom corner of the triangular heap. Then, if the granular
material has a tendency to segregate, the analysis of the obtained
sample will show concentrations that differ from the initial values.
The concentration differences could remain smaller than detection
thresholds. That is the reason why we decided to elaborate a process
for amplifying the segregation phenomena. The main idea is to sub-
mit the granular mixture to repeated ﬂow cycles in order to separate
the components, similarly to fractional distillation [26].
The proposed experimental setup consists in superposing four
Hele Shaw cells for producing a ﬂow cascade. Fig. 3 presents a sketch
of the experimental set-up, as well as the various steps of the mea-
surement cascade. The width and the thickness of the cells are respec-
tively 100 mm and 15 mm. Some pictures of the heaps obtained
during a measurement are presented in Fig. 4. The top cell (named
cell #0) is a funnel that receives the granular mixture to be analyzed.The mixture is made of a mass m of one granular species and a mass
M of the other one. Consider x0=m/M being the ratio of both concen-
trations in the cell #0. After pouring the grains in the top cell, the ﬁrst
aperture is opened and the grains ﬂow in the cell #1. The size of the
aperture is 3 mm for all the measurements presented in this paper.
During this ﬂow, a segregation process may separate both granular
components as shown by Fig. 4(a). The top of the obtained heap con-
tains respectively a mass pm of the ﬁrst variety and a mass (1−p)M
of the second one. The dimensionless parameter p represents the
measure of heterogeneity induced by segregation. A value p=1/2
means homogeneity. Moreover, p>1/2 when m and M are corre-
sponding respectively to the mass of small and large grains. The bot-
tom of the pile will contain respectively a mass (1−p)m of the ﬁrst
variety and a mass pM of the second one. By opening the aperture
below the cell #1, the top part of the heap will ﬂow in the cell #2
(see Fig. 4(b)). Then, the concentration ratio of grains remaining in
the cell #1 is x1=(1−p)x0/p. Following the same reasoning, the top
of the heap in cell #2 contains a mass p2m of the ﬁrst variety and a
mass (1−p)2M of the second one. The bottom part of the heap in
cell #2 contains (1−p)pm grains of the ﬁrst variety and (1−p)pM
grains of the second one. Therefore, after the ﬂow from the cell #1
to the cell #2, the concentration ratio remaining in the cell #2 is
x2=x0. Finally, after the opening of the last aperture, the top part of
the heap of the cell #2 falls in the cell #3 (see Fig. 4(c)). Then, the
concentration ratio in this last cell becomes x3=p2/(1−p)2x0. This
model assumes that the segregation probability p does not depend
on the concentration of both species. The concordance between this
model and the following experimental results will show that this ap-
proximation is good. By determining the concentrations of the granu-













which allows to determine the segregation parameter p from either x1
or x3. The parameter p, obtained from the concentration ratio x3, takes
advantage of the ampliﬁcation process. Of course, the parameter
extitp obtained from the ratio x1 gives the same value but with a
Fig. 3. Sketch of the setup illustrating the various steps of the segregation cascade. Gray levels were used in order to emphasize the evolution of the concentration in each part of the
setup.
34 G. Lumay et al. / Powder Technology 234 (2013) 32–36highest experimental uncertainty. In order to extract an accurate
value of p, one could consider the 3-degree polynom f(n) given by
f nð Þ ¼ αn3 þ βn2 þ γnþ 1 ð2ÞFig. 4. (a) Mixture after the ﬂow in the cell #1. (b) One half of the initial mixture in the cell #
The width and the thickness of the cells are respectively 100 mm and 15 mm.where
α ¼ 17−6pð Þp−13½ pþ 3
6p 1−pð Þ2 ð3Þ2. (c) One quarter of the initial mixture in the last cell. (d) Cells after a cascade of ﬂows.
Fig. 5. Concentration ratio xn as a function of the cell number for three binary mixtures.
The ampliﬁcation of the segregation is clearly shown by the plot. The error bars are in-
dicated. Curves are ﬁts using Eq. (2) with a single free parameter p.
Table 2
Values of the concentration ratios (x1, x2 and x3) and the corresponding segregation
parameters p and pﬁt obtained for all the considered mixtures. The measurements
have been repeated three times and the presented ratios are the averaged values. The
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This function provides the values of xn/x0 given by Eq. (1). A ﬁt of
the normalized sequence {x1/x0,x2/x0,x3/x0} by f provides an accurate
value for the single free parameter p. The segregation parameter
obtained with this curve ﬁtting method is noted as pﬁt.
In order to validate our method, a series of measurements has
been performed with binary mixtures made of four types of grains:
spherical glass beads, silicon carbide abrasives, sugar and salt. The
measurements have been performed with a relative humidity situat-
ed between 35% and 40% and a temperature of 20 °C. The characteris-
tics of the samples are summarized in Table 1. First, in order to
validate the physical model, mixtures with two different grain sizes
have been considered. The initial ratio is ﬁxed to x0=1. The ratios
x1, x2 and x3 are measured by sieving the samples extracted from
the cells after the ﬂow cascade. Fig. 5 presents these ratios as a func-
tion of the cell number. The ampliﬁcation of the segregation process is
clearly shown for three different mixtures. Moreover, as predicted by
the model, we obtain x1bx0, x2≈x0 and x3>x0. One should remark
that small deviations from x0 can be found for the ratio x2 in the sec-
ond cell. This could be attributed to non-linearities neglected in our
approach. Fits using the polynom f (see Eq. (2)) are shown. The agree-
ment between measurements and idealized behavior in Eq. (1) is ex-
cellent, meaning that the deﬁnition of a segregation index is relevant.
The differences between the glass beads and the silicon carbide
abrasives are essentially the grain size and roughness. The roughness
has a strong impact on the repose angle θ of the granular material.
This repose angle of the pure granular species has been measured
with a GranuHeap instrument [27,28]. The results are presented in
Table 1.
The values of the concentration ratios (x1, x2 and x3) and the cor-
responding segregation parameters p and pﬁt obtained for all the
considered mixtures are presented in Table 2. The segregation param-
eters p and pﬁt have been obtained respectively with Eqs. (1) and (2).
Both methods used to obtain the segregation probability are giving
the same values for all the considered mixtures. The last column of
Table 2 presents the error on pﬁt estimated by the Levenberg–
Marquardt ﬁtting algorithm. The segregation parameter p covers a
wide range of values from 0.53 to 0.68. The concentration ratios
given in this table are the result of an average over three measure-
ments. For binary mixtures of glass beads, the segregation parameter
p increases when the size difference between the components in-
creases. A similar trend is observed for mixtures of glass bead and
abrasive grain. Therefore, the grain size difference inﬂuences strongly
the ability of the mixture to segregate. This result is in agreement
with the theoretical and experimental work of Goyal et al. [21]. In-
deed, they have shown that the concentration of small grains situated
at the top of the pile increases when the grain size ratio increases.
Moreover, with the glass beads and abrasive grain mixtures theTable 1
Main characteristics of the 8 grain species used to validate the method and the physical
model.
Name Type Surface Size Repose angle
Beads1 Glass spheres Smooth 100 μm 31.3±0.5
Beads2 Glass spheres Smooth 175 μm 23.7±0.5
Beads3 Glass spheres Smooth 250 μm 23.3±0.5
Beads4 Glass spheres Smooth 500 μm 20.3±0.5
GR80 Silicon carbide Rough 170 μm 37.3±0.5
GR24 Silicon carbide Rough 700 μm 39.2±0.5
Sugar Sugar Rough 500 μm 40.5±0.5
Salt Salt Rough 500 μm 35.5±0.5segregation parameter p is different in the case of small glass/large
abrasive and large glass/small abrasive. This result is in agreement
with recent studies [22] showing that large rough grain and small
smooth grain mixtures are forming stratiﬁcation patterns while large
smooth grains and small rough grains exhibit segregation. Therefore,
the separation mechanisms are different. These results are showing
that the repose angles θ11 and θ22 which are related to the difference
in roughness characteristics of the grains (see Table 1) are a relevant pa-
rameter in the separationmechanism. This conﬁrms results obtained in
rotating tubes [29].3. Discussion
As quoted in the introduction, segregation can be seen as originating
from the four possible interactions between grain species as described
by the angles θαβ. Although simple algorithms produce realistic pat-
terns, the major drawback of this concept is that only θ11 and θ22 can
be measured experimentally. Those angles are given in Table 1 for se-
lected grains. The angles θ12 and θ21 cannot be measured directly in ex-
periments, even though they are relevant for describing segregation, as
we will see below.
Let us consider Fig. 6 where the angle of repose is shown for each
rolling phase as a function of the concentration ϕ of type 2. Extreme
points correspond to the four angles deﬁned in the introduction and
illustrated in Fig. 1. As in [23], we choose for simplicity a linear behavior
as a function of ϕ and the difference between both curves is a constant
Ψ=θ11−θ21=θ12−θ22. This assumption is compatiblewith the obser-
vations made in the introduction and reduces the interaction matrix to
three parameters (θ11,θ22,Ψ) instead of four parameters.segregation parameters p and pﬁt have been obtained respectively with Eqs. (1) and (2).
The last column presents the error on pﬁt estimated by the Levenberg–Marquardt ﬁtting
algorithm.
Species 1 Species 2 x1 x2 x3 p pﬁt err
Beads1 Beads4 0.634 1.324 2.523 0.614 0.614 0.014
Beads2 Beads4 0.610 0.759 1.833 0.575 0.586 0.015
Beads3 Beads4 0.607 0.872 1.774 0.571 0.571 0.002
GR80 Beads4 0.555 0.882 4.460 0.679 0.661 0.013
GR80 GR24 0.716 0.949 1.816 0.574 0.577 0.005
Beads1 GR24 0.710 1.026 1.679 0.564 0.568 0.004
Beads2 GR24 0.811 0.832 1.276 0.530 0.531 0.009
Beads3 GR24 0.707 0.963 1.335 0.536 0.545 0.010
Beads2 Sugar 0.639 0.731 1.723 0.568 0.570 0.015









Fig. 6. The repose angle for two types of rolling grains as a function of the concentra-
tion of surface grains ϕ of type 2. The four angles illustrated on Fig. 1 are the angles
found for respectively ϕ=0 and ϕ=1. As in [23], the repose angle difference is consid-
ered as a constant Ψ.
36 G. Lumay et al. / Powder Technology 234 (2013) 32–36Whatever the concentration ϕ, a grain of type 1 has a high proba-
bility P1 to be captured by the surface grain layer compared with the
probability P2=1−P1 for the second grain species. This is due to the
difference of repose angles as presented on the sketch of Fig. 6. When
a grain is rolling along the free surface, it visits numerous different
local conﬁgurations before being captured. Although the system is
out of equilibrium, the conﬁguration space is visited by the system
and one could propose a simple (and classical) expression
P1 ¼
exp Ψð Þ
exp Ψð Þ þ exp −Ψð Þ ð6Þ
which considers only the difference Ψ, being the “barrier” to be




exp Ψð Þ þ exp −Ψð Þ : ð7Þ
One recovers P1=P2=1/2 when the repose angles are identical
(Ψ=0). By considering that our parameter p is linked to capture







meaning that any measure of the parameter p provides an indirect es-
timate of the parameter Ψ. Our method is therefore relevant for any
modeling of segregation because the dimensionless parameter p
could be linked to intrinsic properties of the granular species. Further
theoretical work is of course needed for elucidating this point but this
remains outside the scope of the present paper.
4. Conclusion
We developed a protocol dedicated to the quantiﬁcation of the
granular segregation in a granular mixture. It is based on an ampliﬁ-
cation process based on a cascade of granular ﬂows. The method
can be easily implemented and gives reliable and interpretable re-
sults. Mixtures of common granular materials have been analyzed in
order to illustrate and to validate this experimental approach. The ef-
fect of both repose angles θ11 and θ22 on the segregation processes isevidenced. A segregation index p is deﬁned. We have shown how it can
be related to earlier theoretical works. Then, the proposed method is a
link between recent fundamental works on granular segregation and
the need of a practical segregation characterization method.Acknowledgments
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